Introduction {#s1}
============

Type 2 diabetes (T2D) is a progressive disorder characterized by ongoing deterioration of glycemic control and gradual decline in insulin secretion in response to nutrient loads. As the syndrome progresses, most, if not all, patients with T2D initially develop excessive postprandial excursion of blood glucose levels while maintaining near-normal fasting glycemia ([@B1]). Postprandial hyperglycemic spikes have recently received much attention because they may be relevant to the pathophysiology of late diabetes complications ([@B2],[@B3]). Therefore, reducing postprandial hyperglycemic excursions is one of the main goals in the management of patients with T2D. Sodium--glucose cotransporter 2 inhibitors (SGLT2-Is), a recently available class of antihyperglycemic agents, reduce hyperglycemia by shunting a substantial amount of glucose into urine ([@B4]); this action differs from that of former therapeutic strategies that stimulate endogenous glucose disposal (E-Rd) and/or suppress endogenous glucose production (EGP).

In normal subjects, an increase in plasma glucose and insulin acts to minimize postprandial hyperglycemia via suppression of net hepatic glucose production and stimulation of glucose uptake with glucose storage in the liver and peripheral tissues. While the abnormal excursion of postprandial hyperglycemia in T2D results from decreased glucose effectiveness and insulin action to stimulate glucose disposal and suppress EGP ([@B5]--[@B8]), glucose disposal and suppression of EGP during the postprandial state in T2D are near normal ([@B9]). In patients with T2D, suppression of EGP and glucose disposal by insulin and glucose show a rightward shift of the dose response curve (reduced insulin sensitivity) but normal maximal suppression (no maximal efficacy defect) ([@B10]--[@B12]). These results suggest that excessively elevated postprandial hyperglycemia and insulinemia compensate for blunted glucose effectiveness and insulin action to stimulate glucose disposal and suppress EGP in these patients. Such compensation may be attenuated by treatment with an SGLT2-I. Indeed, it has been reported that correcting hyperglycemia in patients with T2D using treatment with an SGLT2-I increased EGP and decreased E-Rd when in a preprandial state ([@B13],[@B14]). Nevertheless, no reports of severe deficiency of glucose storage exist, and it is not well understood how postprandial glucose flux is altered in patients with T2D treated with SGLT2-Is. Interestingly, Hawkins et al. ([@B15]) reported that patients with T2D with good glycemic control exhibit better glucose effectiveness compared with patients with T2D with poor glycemic control, suggesting the possibility that postprandial glucose disposal can be enhanced by improving glucose effectiveness by correcting hyperglycemia using treatment with SGLT2-Is.

Zucker diabetic fatty (ZDF) rats (10 weeks old), a model of the early stage of T2D associated with obesity, are characterized by postprandial hyperglycemia and hyperinsulinemia that result from severe insulin resistance and glucose intolerance, despite near-normal fasting glycemia ([@B16]). Using this model, we report that correcting the excessive excursion of postprandial hyperglycemia using an SGLT2-I improves postprandial glucose disposal by restoring glucose effectiveness in the liver and improving insulin resistance in skeletal muscle by eliminating glucotoxicity.

Research Design and Methods {#s2}
===========================

Animals and Surgical Procedures {#s3}
-------------------------------

Six-week-old male ZDF rats (ZDF-GmiCrl-fa/fa) and their lean male littermates (ZCL; ZDF/GmiCrl-+/fa) were purchased from Charles River Laboratory, Inc. (Wilmington, MA), fed the 5008 Formulab Diet (Purina Mills, St. Louis, MO), and given water ad libitum in an environmentally controlled room with a 12-h light/12-h dark cycle. Two weeks before each study (at 8 weeks of age), rats underwent surgery to place catheters in the ileal vein, left carotid artery, and right jugular vein, as previously described ([@B17]--[@B19]). All experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals from the National Institutes of Health, and all protocols were approved by the Vanderbilt University Institutional Animal Care and Use Committee.

Treatment With the SGLT2-I {#s4}
--------------------------

Animals were dosed by gavage with either vehicle (0.2% carboxymethyl cellulose containing 0.2% Tween 80) at 5 mL/kg or an SGLT2-I (canagliflozin; Mitsubishi Tanabe Pharma Corp., Saitama, Japan) ([@B20]) at 10 mg/kg in a 5 mL/kg volume. To assess the acute effect of the SGLT2-I, 10-week-old ZDF rats were fasted from 6:00 [a.m.]{.smallcaps} and dosed once at 8:00 [a.m.]{.smallcaps} with either the SGLT2-I (ZDF-CA1) or vehicle (ZDF-V1) ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1410/-/DC1)). Likewise, age-matched ZCL rats were dosed once with vehicle (ZCL-V1). To examine the effect of more chronic treatment with the SGLT2-I, rats, from 9 weeks of age, were given the drug (ZDF-CA7) or vehicle (ZDF-V7 or ZCL-V7) at 4:00 [p.m.]{.smallcaps} daily for 7 days ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1410/-/DC1)).

Measurement of Postprandial Metabolic Flux {#s5}
------------------------------------------

A mixed-meal tolerance test (MTT) was performed beginning at noon ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1410/-/DC1)). Each MTT consisted of a 30-min control/basal period (−30 to 0 min) and a 60-min test period (0 to 60 min). At 0 min, animals were given by gavage a liquid mixed meal (5 mL/kg) containing (per 5 mL) 1.55 g glucose (1.65 g of Polycose \[Abbott Nutrition, Columbus, OH\]), 0.75 g protein (0.87 g of Beneprotein \[Nestlé Health Science, Florham Park, NJ\]), and 0.21 g lipid (0.42 mL of Microlipid \[Nestlé Health Science, Florham Park, NJ\]).

Measurement of the Daily Rhythm of Energy Metabolism {#s6}
----------------------------------------------------

Food intake, oxygen consumption, and carbon dioxide production were monitored using an Oxymax-CLAMS (Columbus Instruments, Columbus, OH) in ZCL-V7, ZDF-V7, and ZDF-CA7. Body composition was measured immediately after this using an EchoMRI 700 (Echo Medical System, Houston, TX) ([Supplementary Fig. 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1410/-/DC1)), as previously described ([@B21]).

Measurement of Glucose Flux {#s7}
---------------------------

ZCL-V7, ZDF-V7, and ZDF-CA7 were fasted from 6:00 [a.m.]{.smallcaps} and clamp studies were performed between 11:00 [a.m.]{.smallcaps} and 3:30 [p.m.]{.smallcaps} ([Supplementary Fig. 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1410/-/DC1)). Each study consisted of a 90-min tracer equilibrium period (−150 to −60 min), a 1-h basal period (−60 to 0 min), and a 2-h test period (0 to 120 min). At −150 min, both \[2-^3^H\]- and \[3-^3^H\]-glucose were administered at 60 µCi in a bolus, followed by continuous infusion of 0.6 µCi ⋅ min^−1^ into the systemic circulation through the jugular vein catheter. During the test period in the pancreatic and glycemic clamp studies, somatostatin was infused into the systemic circulation at 5 µg ⋅ kg^−1^ ⋅ min^−1^ to inhibit endogenous insulin and glucagon secretion. Recombinant glucagon (GlucaGen; Novo Nordisk A/S, Bagsvaerd, Denmark) was infused into the hepatic portal system through the ileal catheter at 1.8 ng ⋅ kg^−1^ ⋅ min^−1^ to maintain basal plasma glucagon levels. Human recombinant insulin (Novolin R; Novo Nordisk Inc., Plainsboro, NJ) was infused into the hepatic portal system through the ileal catheter at 4 and 16 mU ⋅ kg^−1^ ⋅ min^−1^ during the basal insulinemic and hyperinsulinemic clamps, respectively. Blood glucose levels were maintained at desired levels by infusing 50% dextrose solution (D50; Hospira, Inc., Lake Forest, IL) into the systemic circulation. Blood samples were taken from the arterial catheter.

Tissue Collection {#s8}
-----------------

At the conclusion of every energy measurement or clamp experiment, the animal was anesthetized with an intravenous infusion of pentobarbital sodium (50 mg ⋅ kg^−1^) and a laparotomy was performed immediately. Any urine accumulated in the bladder was collected. The median lobe of the liver was excised and dropped into ice-cold buffered 4% paraformaldehyde for immunohistochemical analysis. The left lobe of the liver and skeletal muscle (vastus lateralis, gastrocnemius-plantaris, and soleus) were frozen using Wollenberg tongs precooled in liquid nitrogen.

Measurement of Metabolites in Blood and Tissue {#s9}
----------------------------------------------

Plasma insulin, glucagon, triglycerides, and nonesterified free fatty acids (FFAs); blood lactate and alanine; urine glucose; and liver and skeletal muscle glycogen and triglycerides were determined as previously described ([@B17],[@B18],[@B21]). \[2-^3^H\]- and \[3-^3^H\]-glucose radioactivity in plasma glucose and in glycogen glucose were determined by selective enzymatic detritiation of \[2-^3^H\]-glucose ([@B18],[@B22]).

Measurement of mRNA Levels and Protein and Enzyme Activity in the Liver {#s10}
-----------------------------------------------------------------------

Western blotting was performed to quantify the levels of glucokinase (GK), GK regulatory protein (GKRP), phosphoenolpyruvate carboxykinase (PEPCK), glucose-6-phosphatase (G6Pase), AKT and its phosphorylated forms (p-AKT^Thr308^ and p-AKT^Ser473^), and β-actin in the liver, as reported previously ([@B21]). RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA) for the synthesis of cDNA (iScript; Bio-Rad Laboratories) and was assessed with quantitative real-time PCR using SYBER Green Supermix (Bio-Rad Laboratories) and primer pair probes specific to genes of interest (listed in [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1410/-/DC1)). Levels of specific mRNAs of interest were normalized to that of ribosomal protein L13a to control for nonspecific sample-to-sample variation. Glycogen synthase and phosphorylase a activities in the liver were measured using methods described previously ([@B21]). The immunoreactivities of both GK and GKRP within the nucleus and cytoplasm of each parenchymal cell were measured as described previously ([@B17],[@B18]), with some modifications ([Supplementary Data](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1410/-/DC1)).

Calculations {#s11}
------------

Rates of glucose appearance (Ra), total glucose disappearance (Rd), E-Rd, glucose cycling (GC), EGP, the fractional detritiation of \[2-^3^H\]-glucose-6-phosphate (G6P), and glycogen synthesis via the direct pathway were quantified as described previously ([@B22]), with some modifications ([Supplementary Data](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1410/-/DC1)).

Statistical Analyses {#s12}
--------------------

The data collected are expressed as means ± SEMs. The significance of the differences in time-course data between the groups were analyzed using two methods: a two-way, repeated-measures ANOVA and a one-way ANOVA or Student *t* test. Differences were considered significant at *P* \< 0.05.

Results {#s13}
=======

SGLT2-I Corrects Excessive Postprandial Hyperglycemia in ZDF Rats {#s14}
-----------------------------------------------------------------

We first examined whether acute treatment with an SGLT2-I could correct excessive postprandial hyperglycemia in ZDF rats. Four hours after treatment with vehicle (ZCL-V1 and ZDF-V1 in [Fig. 1*A--F*](#F1){ref-type="fig"}), ZDF-V1 exhibited higher levels of plasma glucose (9.4 ± 1.1 vs. 7.2 ± 0.3 mmol/L) and insulin (8.2 ± 0.8 vs. 2.5 ± 0.3 ng/mL) than ZCL-V1 during the basal period. After administration of the mixed meal, a markedly larger excursion of plasma glucose and insulin occurred in ZDF-V1 compared with ZCL-V1. No significant difference was found in plasma glucagon levels during the basal period or after the MTT between ZCL-V1 and ZDF-V1. These parameters were not altered by daily treatment with vehicle for 7 days (ZCL-V7 and ZDF-V7 in [Fig. 1*G--L*](#F1){ref-type="fig"}). On the other hand, after 4 h of SGLT2-I treatment (ZDF-CA1; [Fig. 1*A--F*](#F1){ref-type="fig"}), the basal level and the MTT-induced increment of plasma glucose in ZDF-V1 were nearly normalized. While basal hyperinsulinemia (6.7 ± 0.5 ng/mL) was not reduced, the excursion of plasma insulin on the MTT was reduced by 50% compared with ZDF-V1. After 7 days of daily treatment with the SGLT2-I (ZDF-CA7), basal and postprandial glycemia remained close to the levels seen in ZCL-V7. In addition, basal (4.3 ± 0.5 ng/mL) and MTT-induced levels of insulin were further decreased toward normal. Plasma glucagon levels during the MTT were increased by 20% with either 4 h or 7 days of treatment with the SGLT2-I compared with vehicle-treated ZCL. These results indicate that SGLT2-I treatment normalizes both basal and postprandial hyperglycemia, which was accompanied by partial reduction of hyperinsulinemia and elevation of plasma glucagon levels in ZDF rats.

![Plasma glucose, insulin, and glucagon levels before and after a gavage of a liquid mixed meal in ZCL and ZDF rats treated with an SGLT2-I for 4 h (*A--F*) or 7 days of daily dosing (*G--L*). ZDF rats were treated with vehicle or the SGLT2-I for 4 h (ZDF-V1 and ZDF-CA1) or for 7 days (ZDF-V7 and ZDF-CA7) before the MTT. ZCL rats were treated with vehicle for 4 h (ZCL-V1) or for 7 days (ZCL-V7) before the MTT. Animals were fasted for 6 h before the MTT. Areas under the curve (AUCs) of the plasma glucose (*D* and *J*), insulin (*E* and *K*), and glucagon (*F* and *L*) levels were calculated for a 60-min period after gavage administration of the mixed meal. Values are the mean ± SEM of data from six animals in each group. \*Significant difference from the corresponding values of the ZCL-V1 group (*P* \< 0.05); †significant difference from the corresponding values of the ZDF-V1 group (*P* \< 0.05).](db161410f1){#F1}

SGLT2-I Restores Metabolic Flexibility {#s15}
--------------------------------------

The effects of SGLT2-I treatment on metabolic flexibility, the capacity of the body to switch between lipid oxidation during fasting and carbohydrate oxidation after feeding and vice versa ([@B23]), were examined in ZDF rats ([Fig. 2](#F2){ref-type="fig"}). The daily rhythms associated with a 12-h light/12-h dark cycle were seen in the respiratory exchange ratio (RER) and food intake in ZCL-V7. The RER was highest at the end of the dark phase, then progressively declined during the light phase ([Fig. 2*A*](#F2){ref-type="fig"}). Of total daily food intake, 75% was consumed during the dark phase ([Fig. 2*B*](#F2){ref-type="fig"}). The daily rhythm of RER was markedly blunted in ZDF-V7 compared with ZCL-V7, indicating low lipid oxidation. Further, food intake during the light phase was similar in ZCL-V7 and ZDF-V7, but in the dark phase it was 60% greater in ZDF-V7. The daily rhythm of RER was restored in ZDF-CA7 compared with ZDF-V7; the profile was similar to that of ZCL-V7, peaking near the end of the dark phase then gradually declining during the light phase, indicating restored lipid oxidation during the light phase. Food intake during the light phase was doubled, and total food intake was 10% higher in ZDF-CA7 than in ZDF-V7. Body weight ([Fig. 2*C*](#F2){ref-type="fig"}), fat weight ([Fig. 2*D*](#F2){ref-type="fig"}), and percentage fat mass ([Fig. 2*E*](#F2){ref-type="fig"}); plasma triglyceride and FFA levels ([Fig. 2*F*](#F2){ref-type="fig"}); triglyceride content in skeletal muscle and the liver ([Fig. 2*G*](#F2){ref-type="fig"}); and glycogen content in the liver ([Fig. 2*H*](#F2){ref-type="fig"}) were markedly higher in ZDF-V7 compared with ZCL-V7. While SGLT2-I treatment (ZDF-CA7) did not affect body weight or lean and fat mass, the treatment reduced the triglyceride content of plasma and skeletal muscle, but not content in the liver, and reduced glycogen content in the liver, but not in skeletal muscle, in ZDF rats.

![Food intake, body weight, body composition, daily rhythm of respiratory quotient, plasma triglycerides and FFAs, and glycogen content in liver and skeletal muscle after 7 days of daily treatment with an SGLT2-I. ZDF and ZCL rats were treated from 9 weeks of age with vehicle (ZDF-V7 and ZCL-V7, respectively) or an SGLT2-I (ZDF-CA7) once daily for 7 days. *A*: Oxygen consumption and CO~2~ production were monitored at 1-min intervals every 15 min for 24 h (from 6:00 [a.m.]{.smallcaps} on day 7 to 8:00 [a.m.]{.smallcaps} on day 8). *B*: Food intake during the light phase (6:00 [a.m.]{.smallcaps} to 6:00 [p.m.]{.smallcaps}) and the dark phase (6:00 [p.m.]{.smallcaps} to 6:00 [a.m.]{.smallcaps}) on day 7 of the treatments. *C*: Body weight before initiation of the treatment (at 9:00 [a.m.]{.smallcaps} on day 1) and after 7 days of the treatment (at 9:00 [a.m.]{.smallcaps} on day 7). *D* and *E*: Body composition measured between 9:00 and 11:00 [a.m.]{.smallcaps} on day 7 of treatment. *F*: Plasma triglycerides and FFAs. *G*: Triglyceride content in the liver and skeletal muscle. G-P, gastrocnemius-plantaris; S, soleus. *H*: Glycogen content in the liver and skeletal muscle (vastus lateralis). Blood and these tissues were collected between 12:00 and 1:00 [p.m.]{.smallcaps} on day 8. Values are the mean ± SEM of data from eight animals in each group. \*Significant difference from the corresponding values of the ZCL-V7 group (*P* \< 0.05); †significant difference from the corresponding values of the ZDF-V7 group (*P* \< 0.05).](db161410f2){#F2}

Effect of the SGLT2-I Treatment on Glucose Flux in a Fasting Condition {#s16}
----------------------------------------------------------------------

We measured glucose flux during a portion of the light phase, between 12:00 and 3:00 [p.m]{.smallcaps}. Under basal (no clamp) conditions ([Fig. 3](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}), plasma glucose and insulin levels were markedly lower and plasma glucagon levels tended to be higher (*P* \< 0.10) in ZDF-CA7 compared with ZDF-V7. Blood levels of lactate and alanine were lower by 60% and 25%, respectively, whereas plasma FFAs were somewhat higher. E-Rd was approximately half ([Table 1](#T1){ref-type="table"}). The metabolic changes caused by the SGLT2-I resemble those caused by fasting. Interestingly, EGP was increased by 30% ([Table 1](#T1){ref-type="table"}). These metabolic changes associated with SGLT2-I treatment of ZDF rats are quite similar to those reported to occur in patients with T2D who received an SGLT2-I ([@B4],[@B13],[@B14]).

![Plasma levels of glucose (*A*), insulin (*B*), glucagon (*C*), and FFAs (*D*); blood lactate (*E*); and rates of glucose infusion (*F*), glucose disappearance (*G*), EGP (*H*), and GC (*I*) under basal conditions and during a hyperinsulinemic-hyperglycemic clamp within the early stage of diabetes in ZDF rats. ZDF rats were given vehicle (ZDF-V7) or an SGLT2-I (ZDF-CA7) once every day for 7 days before each study. Animals were fasted for 6 h before each study. •, ZDF-V7 in the basal (no clamp) condition; ○, ZDF-CA7 in the basal (no clamp) condition; ▲, ZDF-V7 with a hyperinsulinemic-hyperglycemic clamp from 0 to 120 min; △, ZDF-CA7 with a hyperinsulinemic-hyperglycemic clamp from 0 to 120 min. Values are the mean ± SEM of data from six animals in each group. \*Significant difference from the corresponding values of the ZDF-V7 group (*P* \< 0.05).](db161410f3){#F3}

###### 

Plasma glucose, insulin, glucagon, and FFA concentrations; blood lactate and alanine concentrations; glucose infusion rate; and Rd, EGP, GC, and glucose excretion into urine rates during the test periods over 7 days in the ZDF-V7 and ZDF-CA7 groups

  Parameters                                  ZDF-V7        ZDF-CA7                                                           
  ------------------------------------------- ------------- -------------- --------------- ----------------- ---------------- -----------------
  Plasma glucose (mmol/L)                     8.9 ± 0.5     13.8 ± 0.8†    6.2 ± 0.4\*     12.6 ± 0.8†       5.7 ± 0.3‡       13.2 ± 0.7†\#
  Plasma insulin (ng · mL^−1^)                9.1 ± 1.4     15.1 ± 2.3†    3.4 ± 0.6\*     14.4 ± 1.2†       15.3 ± 1.6†      4.5 ± 0.7‡\#
  Plasma glucagon (pg · mL^−1^)               47.5 ± 1.5    47.5 ± 3.0     49.9 ± 2.2      47.6 ± 4.1        49.2 ± 4.3       50.8 ± 4.3
  Blood lactate (mmol/L)                      1.3 ± 0.3     2.73 ± 0.24†   0.49 ± 0.04\*   2.16 ± 0.19\*†    1.26 ± 0.24†‡    1.94 ± 0.29†\#
  Blood alanine (mmol/L)                      0.69 ± 0.08   0.96 ± 0.10    0.51 ± 0.09     0.62 ± 0.04\*     0.46 ± 0.06‡     0.78 ± 0.13‡
  Plasma FFAs (mEq)                           0.65 ± 0.14   0.53 ± 0.10    0.96 ± 0.15     0.53 ± 0.21       0.60 ± 0.20      0.89 ± 0.23
  GIR (µmol · kg^−1^ · min^−1^)               0             27 ± 4         0               235 ± 6\*         71 ± 12†         180 ± 16†‡
  Total Rd (µmol · kg^−1^ · min^−1^)          43 ± 4        62 ± 5†        58 ± 4\*        226 ± 10†\*       120 ± 7†‡        192 ± 13†‡
  Cumulated UG (mmol · kg^−1^ · 2 h^−1^)      0             0.05 ± 0.02    3.66 ± 0.31\*   11.60 ± 1.18\*†   4.86 ± 0.48†     11.95 ± 1.17†‡
  Total Rd -- AUC (mmol · kg^−1^ · 2 h^−1^)   5.17 ± 0.49   6.99 ± 0.58†   6.86 ± 0.50\*   23.11 ± 1.05\*†   12.89 ± 0.79†‡   19.54 ± 1.88†\#
  E-Rd -- AUC (mmol · kg^−1^ · 2 h^−1^)       5.17 ± 0.49   6.93 ± 0.58†   3.20 ± 0.48\*   11.50 ± 0.45\*†   8.03 ± 0.59†‡    7.59 ± 0.88†‡
  EGP (µmol · kg^−1^ · min^−1^)               44 ± 5        35 ± 8         58 ± 4\*        −9 ± 11\*†        49 ± 6‡          12 ± 8†‡\#
  Detritiation efficiency (%)                 74 ± 5        66 ± 8         80 ± 4          56 ± 11†          73 ± 6‡          52 ± 6†\#
  GC (µmol · kg^−1^ · min^−1^)                42 ± 5        51 ± 11†       36 ± 6          166 ± 23\*†       54 ± 17†‡        152 ± 24†\#
  G6Pase (µmol · kg^−1^ · min^−1^)            85 ± 10       87 ± 19        94 ± 10         157 ± 34†         103 ± 23         164 ± 30†

Values are means ± SEMs of an average of six studies for each group. The reported test period values are the averages of measurements taken at 60, 90, and 120 min for plasma insulin, glucagon, and FFAs and for blood lactate and alanine and at 60, 75, 90, 105, and 120 min for glucose infusion rate (GIR), Rd, EGP, and GC. AUC, area under the curve; BI-HG, basal insulinemic--hyperglycemic clamp; HI-BG, hyperinsulinemic--basal glycemic clamp; HI-HG, hyperinsulinemic-hyperglycemic clamp; UG, glucose excretion into urine. \*Significantly different from the corresponding values in the ZDF-V7 group (*P* \< 0.05). †Significantly different from the corresponding values under basal conditions (no clamp) for the identical group (*P* \< 0.05). ‡Significantly different from the corresponding values under HI-HG clamp conditions for the identical group (*P* \< 0.05). \#Significantly different from the corresponding values under HI-BG clamp conditions for the identical group (*P* \< 0.05).

SGLT2-Is Restore Glucose Flux in Response to a Normal Postprandial Condition {#s17}
----------------------------------------------------------------------------

In response to the clamp that created near-normal postprandial hyperinsulinemic-hyperglycemia, EGP, G6Pase flux, GC, and GC fraction in G6Pase flux were not altered significantly from that of the basal (no clamp) condition in ZDF-V7 ([Fig. 3](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}), although the incorporation of plasma glucose into hepatic glycogen via the direct pathway increased approximately threefold ([Table 2](#T2){ref-type="table"}). In ZDF-CA7, on the other hand, EGP was completely suppressed during the clamp. In addition, GC and G6Pase flux increased 4.5- and 2-fold, respectively, and G6Pase flux was equivalent to GC. The incorporation of plasma glucose into glycogen in the liver increased 11-fold with the activation of glycogen synthase and was 3.5 times larger than in ZDF-V7 ([Table 2](#T2){ref-type="table"}). These results indicate that treatment with an SGLT2-I restores the response to normal postprandial conditions in ZDF rats, including the suppression of EGP and increased glucose phosphorylation, with incorporation of G6P derived from plasma glucose into glycogen. In addition, E-Rd and the incorporation of plasma glucose into skeletal muscle glycogen during the hyperinsulinemic-hyperglycemia clamp was two times greater in ZDF-CA7 compared with ZDF-V7. These results suggest that treatment with an SGLT2-I improves the blunted response of EGP and glucose storage to a normal postprandial condition.

###### 

Glycogen synthase and phosphorylase activities in the liver, glycogen in the liver and skeletal muscle, and incorporation of plasma glucose into glycogen via the direct pathway in liver and skeletal muscle at the end of the test periods over 7 days in the ZDF-V7 and ZDF-CA7 groups

  Parameters                                                 Tissue        ZDF-V7         ZDF-CA7                                                            
  ---------------------------------------------------------- ------------- -------------- --------------- ---------------- --------------- ----------------- ---------------
  Glycogen synthase (mU/g)                                                                                                                                   
   Active form                                               Liver         4.1 ± 0.9      7.0 ± 1.5†      3.5 ± 0.6        18.4 ± 2.8\*†   6.4 ± 0.6†‡       15.3 ± 2.5†\#
   Total                                                     Liver         56 ± 7         67 ± 6          54 ± 4           64 ± 5          64 ± 3            59 ± 4
  Glycogen phosphorylase a (units/g)                         Liver         1.67 ± 0.22    1.40 ± 0.22     1.39 ± 0.36      1.41 ± 0.11     1.58 ± 0.29       1.28 ± 0.32
  Glycogen content (µmol glucose/g)                          Liver         293 ± 43       325 ± 36        193 ± 36\*       300 ± 33†       217 ± 31‡         299 ± 27†\#
  Muscle                                                     23.1 ± 1.4    26.3 ± 1.9     21.4 ± 0.3      27.8 ± 3.8†      29.1 ± 2.6†     23.9 ± 1.8‡\#     
  Glucose incorporation into glycogen (µmol glucose/g/2 h)   Liver         3.2 ± 0.6      13.3 ± 5.8†     0.4 ± 0.1\*      46.1 ± 8.1\*†   7.7 ± 2.6†‡       39.9 ± 6.2†\#
  Muscle                                                     0.40 ± 0.05   1.30 ± 0.21†   0.13 ± 0.03\*   2.83 ± 0.45\*†   2.52 ± 0.38†    0.82 ± 0.21†‡\#   

Values are means ± SEMs of six studies for each group. Liver and muscle were collected at the end of the test period. BI-HG, basal insulinemic--hyperglycemic clamp. \*Significantly different from the corresponding values of the ZDF-V7 group (*P* \< 0.05). †Significantly different from the corresponding values under basal conditions for the identical group. ‡Significantly different from the corresponding values under the hyperinsulinemic-hyperglycemic clamp (HI-HG) for the identical group. \#Significantly different from the corresponding values under the hyperinsulinemic--basal glycemic clamp (HI-BG) for the identical group.

Treatment With an SGLT2-I Restores Glucose Effectiveness in the Liver and Improves Insulin Sensitivity in Muscle {#s18}
----------------------------------------------------------------------------------------------------------------

We investigated whether the improved hepatic glucose flux and muscle glucose disposal in response to a postprandial condition with SGLT2-I treatment of ZDF rats results from improvement of insulin sensitivity and/or glucose effectiveness.

Insulin regulates hepatic glucose metabolism and some gene expression processes via the activation of Akt2/PKBβ by two upstream kinases, PDK1 and mammalian target of rapamycin complex 2, via phosphorylation of the T-loop of the catalytic domain (Thr^308^) and the carboxyl terminal hydrophobic domain (Ser^473^), respectively ([@B24]). The downstream targets of AKT activation in the liver include the stimulation of GK and the inhibition of PEPCK gene expression ([@B25],[@B26]). As shown in [Fig. 4](#F4){ref-type="fig"}, p-AKT^Ser473^ (panels *A*--*C*), total AKT (panels *A* and *D*), and GK mRNA (panel *E*) levels were lower in ZDF-CA7 compared with ZDF-V7, whereas PEPCK mRNA levels (panel *F*) were similar under the basal (no clamp) condition. In response to the hyperinsulinemic-hyperglycemic clamp, on the other hand, p-AKT^Thr308^, p-AKT^Ser473^ (panels *B* and *C*), and GK mRNA (panel *E*) levels increased and PEPCK mRNA (panel *F*) levels decreased to similar levels in both groups. In addition, in ZDF-CA7, the alterations of EGP, GC, and G6Pase flux ([Fig. 3](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}), and the incorporation of plasma glucose into glycogen in the liver ([Table 2](#T2){ref-type="table"}), as seen during a hyperinsulinemic-hyperglycemic clamp, were reproduced during a basal insulinemic-hyperglycemic clamp but not during a hyperinsulinemic--basal glycemic clamp ([Fig. 5](#F5){ref-type="fig"} and [Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}). These results suggest that improved hepatic glucose flux in response to a postprandial condition by SGLT2-I treatment was associated with restored glucose effectiveness, not with alteration of insulin resistance in the liver. On the other hand, improved incorporation of glucose into glycogen in skeletal muscle that occurred during a hyperinsulinemic-hyperglycemic clamp was reproduced during a hyperinsulinemic--basal glycemic clamp, but not during a basal insulinemic--hyperglycemic clamp ([Table 2](#T2){ref-type="table"}), indicating improved insulin sensitivity in skeletal muscle after the SGLT2-I treatment.

![Effect of 7 days of SGLT2-I treatment on hepatic insulin sensitivity. ZDF rats were given (from 9 weeks of age) vehicle (ZDF-V7) or an SGLT2-I (ZDF-CA7) daily for 7 days before a clamp study. Animals were fasted for 6 h before each clamp study, and livers were collected at the end of the test period (a basal \[no clamp\] period or a hyperinsulinemic-hyperglycemic \[HI-HG\] clamp) ([Fig. 2](#F2){ref-type="fig"}). *A*: Representative images from Western blotting of protein extracts prepared from livers that were probed with antibodies for the detection of total Akt, p-Akt^Thr308^, p-Akt^Ser473^, and β-actin and measurement of the relative abundance of p-Akt^Thr308^ (*B*), p-Akt^Ser473^ (*C*), Akt (*D*), and GK (*E*) and PEPCK (*F*) mRNA. Quantitative results were normalized to the average basal value of ZDF-V7 for relative abundance. Values are the mean ± SEM of data from six animals in each group. \*Significant difference from the corresponding values of the ZDF-V7 group within each treatment (*P* \< 0.05); †significant difference from the basal values of the identical group (*P* \< 0.05).](db161410f4){#F4}

![Plasma levels of glucose (*A*), insulin (*B*), glucagon (*C*), and FFAs (*D*); blood lactate (*E*); and rates of glucose infusion (*F*), glucose disappearance (*G*), EGP (*H*), and GC (*I*) before and during a hyperinsulinemic--basal glycemic clamp (HI-BG, •) and basal insulinemic-hyperglycemic clamp (BI-HG, ○) within the early stage of diabetes in ZDF rats. ZDF rats were given an SGLT2-I (ZDF-CA7) daily for 7 days before each study. Animals were fasted for 6 h before each study. Values are the mean ± SEM of data from six animals in each group. \*Significant difference from the corresponding values under the hyperinsulinemic--basal glycemic clamp (*P* \< 0.05).](db161410f5){#F5}

Restored Glucose Effectiveness in Intracellular GK Translocation {#s19}
----------------------------------------------------------------

We reported previously that a blunted increase in glucose phosphorylation and glycogen synthesis in response to the postprandial condition seen at an early stage of diabetes in ZDF rats was associated with impaired dissociation of GK from its regulatory protein in the nucleus and a lack of subsequent translocation of GK from the nucleus to the cytoplasm ([@B18],[@B27]). As shown in [Fig. 6](#F6){ref-type="fig"}, GK protein levels were similar (panels *A* and *B*), whereas GKRP protein levels were higher (panels *A* and *C*), in ZDF-CA7 compared with ZDF-V7. While GK and GKRP immunoreactivities under a basal condition were predominantly localized in the nucleus in both ZDF-V7 and ZDF-CA7 (panels *D*--*F*), the nuclear-to-cytoplasmic ratio of the immunoreactivity (N/C) of GK tended to be lower and the N/C of GKRP was significantly lower in ZDF-CA7 compared with ZDF-V7. In response to a hyperinsulinemic-hyperglycemic clamp, the N/C of GK did not change in ZDF-V7 but decreased markedly in ZDF-CA7, indicating that the translocation of GK was restored by SGLT2-I treatment. This reduction of the N/C was also observed in response to a basal insulinemic--hyperglycemic clamp, but not a hyperinsulinemic--basal glycemic clamp, indicating that the GK translocates in response to hyperglycemia, not hyperinsulinemia, which was restored by SGLT2-I treatment. On the other hand, the expression of gluconeogenic enzymes, PEPCK ([Fig. 6*G* and *H*](#F6){ref-type="fig"}) and G6Pase ([Fig. 6*G* and *I*](#F6){ref-type="fig"}), was not altered by treatment with an SGLT2-I.

![Hepatic intracellular localization of GK and GKRP and expression of GK, GKRP, PEPCK, and G6Pase at the end of the test period (basal \[no clamp condition, hyperinsulinemic-hyperglycemic \[HI-HG\], hyperinsulinemic--basal glycemic \[HI-BG\], and basal insulinemic--hyperglycemic clamp \[BI- HG\]) in ZDF rats treated with either vehicle (ZDF-V7) or an SGLT2-I (ZDF-CA7) for 7 days before each study. *A*: Representative Western blot images of GK, GKRP, and α-tubulin. *B* and *C*: Quantitative analysis of Western blot images of GK (*B*) and GKRP (*C*). *D*: Merged images of the immunoreactivity associated with GK and GKRP. *E* and *F*: Nuclear-to-cytosolic ratio of immunoreactivity of GK (*E*) and GKRP (*F*). *G*: Western blot images of PEPCK, G6Pase, and β-actin. *H* and *I*: Quantitative analysis of Western blot images of PEPCK (*H*) and G6Pase (*I*). GK, GKRP, PEPCK, and G6Pase levels are normalized to the average basal value of ZDF-V7. Values are the mean ± SEM of data from six animals in each group. \*Significant difference from the corresponding values of the ZDF-V7 group within each treatment (*P* \< 0.05); †significant difference from the basal values of the identical group (*P* \< 0.05); ‡significant difference from the corresponding values under the HI-HG clamp of the identical group (*P* \< 0.05).](db161410f6){#F6}

Discussion {#s20}
==========

This study focused on the early stage of diabetes in ZDF rats and demonstrates that the correction of a markedly abnormal excursion in postprandial hyperglycemia by treatment with an SGLT2-I was associated with increased lipid oxidation and EGP in the preprandial state. SGLT2-I treatment also improved E-Rd in the postprandial state by normalizing the attenuated effectiveness of glucose to suppress hepatic glucose production and stimulate hepatic glycogen synthesis (glucose uptake), and by ameliorating insulin action to stimulate glucose utilization in skeletal muscle. The normalization of glucose effectiveness in liver was associated with restoration of its effect to accelerate glucose phosphorylation by activating GK allosterically. The improvement of insulin resistance in skeletal muscle was accompanied by decreased intracellular lipid content.

Metabolic Alterations Caused by SGLT2-I Treatment in ZDF Rats Resemble Those Reported in Patients With T2D {#s21}
----------------------------------------------------------------------------------------------------------

In patients with T2D, the reduction of hyperglycemia by treatment with an SGLT2-I was accompanied by a reduction in the ratio of plasma insulin to plasma glucagon ([@B13],[@B14]), increased lipid oxidation ([@B4]), higher levels of plasma FFAs and lower levels of plasma triglycerides ([@B4]), and decreased E-Rd ([@B13],[@B14]). These metabolic changes resemble those of long-term fasting and, interestingly, EGP increases ([@B4],[@B13],[@B14]). Elevated EGP was considered to be a consequence of lower plasma glucose and insulin levels in the presence of elevated glucagon levels ([@B13],[@B14]). It has been reported that weight loss in patients with T2D who are treated with an SGLT2-I is much less than that predicted from the observed calorie loss via glucosuria ([@B28]). This maintenance of body weight may be the result of increased calorie intake ([@B28]). In this study, the metabolic alterations by SGLT2-I treatment reported for patients with T2D were reproduced in 10-week-old ZDF rats, a model of an early stage of obesity-related T2D.

Correction of Excessive Hyperglycemia Improves Insulin Sensitivity in Skeletal Muscle but Not in Liver {#s22}
------------------------------------------------------------------------------------------------------

Merovic et al. ([@B13]) and Ferrannini et al. ([@B14]) reported that SGLT2-I treatment improves whole-body insulin resistance in patients with T2D. In the current study, we confirm the improvement of E-Rd in response to insulin after SGLT2-I treatment at an early stage of diabetes in ZDF rats, although there is potential risk for an error in measurement of E-Rd resulting from imprecise estimates of glucose loss in the urine. Further, we demonstrate that the improvement in insulin resistance caused by SGLT2-I treatment takes place in skeletal muscle by reducing intracellular lipid content and increasing lipid oxidation. The combination of increased intracellular lipids and a low oxidative capacity are key features in the development of muscular insulin resistance in obese patients with T2D ([@B4],[@B29],[@B30]). Chronic exposure of rats ([@B31]) and human myotubes ([@B32]) to a high concentration of glucose has been reported to cause insulin resistance in skeletal muscle by increasing intracellular amounts of triglycerides and diacylglycerol. Increased diacylglycerol increases membrane protein kinase C isozyme protein or kinase activity, and impairs insulin signaling ([@B33]). While the contribution of enhanced acyl-CoA:1,2-diacylglycerol acyltransferase 1 activity ([@B32]) and decreased diacylglycerol kinase activity ([@B34]) have been proposed for glucose-induced lipid accumulation and insulin resistance in skeletal muscle, the mechanism by which increased extracellular glucose concentration alters the activities of these enzymes remains unknown. Interestingly, the correction of diabetic hyperglycemia by SGLT2-I treatment did not lower liver intracellular lipid content or improve hepatic insulin resistance. Considine et al. ([@B35]) reported that normalization of circulating glucose using phlorizin in 10- to 12-week-old ZDF rats did not result in an improvement of insulin receptor phosphorylation nor a reduction in increased membrane protein kinase C isozyme protein or kinase activity. The mechanism behind the difference in the effect of correcting hyperglycemia on insulin resistance and lipid metabolism between skeletal muscle and liver remains for a future study.

Correction of Excessive Hyperglycemia Restores Glucose Effectiveness to Regulate GK Activity in the Liver {#s23}
---------------------------------------------------------------------------------------------------------

It has been reported that glucose-induced suppression of net hepatic glucose production was associated with increased glucose phosphorylation ([@B36],[@B37]) but was not primarily a result of reduced carbon flow through G6Pase ([@B36],[@B38]) or the gluconeogenic pathway ([@B38]). In this study, the restoration of normal glucose-induced suppression of EGP by correcting postprandial hyperglycemia in ZDF rats was accompanied by a simultaneous increase in G6Pase flux, GC, GC fraction in G6Pase flux, and incorporation of plasma glucose into glycogen via the direct pathway, indicating an increased flux of plasma glucose toward the G6P pool and a consequent increase in the occupancy of G6P derived from plasma glucose in the G6P pool. These results suggest that restoration of glucose effectiveness on hepatic glucose flux in ZDF rats treated with an SGLT2-I is associated with its effect to stimulate glucose phosphorylation.

Glucose phosphorylation is mediated by GK in the liver. When the glucose concentration is low, GKRP binds GK, inhibits its activity by decreasing its affinity for glucose ([@B39]), and sequesters GK in the nuclear compartment ([@B40],[@B41]). Increased glucose concentrations increase the binding of glucose per se to the catalytic site in GK and induce global conformational changes of GK ([@B42]) that dissociate GK from GKRP, followed by GK transport to the cytoplasm ([@B17],[@B18],[@B43],[@B44]). We previously reported that a blunted increase in glucose phosphorylation in response to normal postprandial conditions at an early stage of diabetes in ZDF rats was associated with defective dissociation of the GK-GKRP complex in the nucleus ([@B18],[@B27]). The restoration of glucose effectiveness to stimulate glucose phosphorylation in ZDF rats treated with an SGLT2-I was accompanied by restored GK translocation from the nucleus to the cytoplasm. It is therefore likely that glucotoxicity impairs the action of glucose to dissociate the GK-GKRP complex.

Effect of Correcting Hyperglycemia Is Not Secondary to Reduced Plasma Insulin Levels {#s24}
------------------------------------------------------------------------------------

The correction of postprandial hyperglycemia in ZDF rats was accompanied by a marked reduction in postprandial hyperinsulinemia. Persistent hyperinsulinemia causes insulin resistance and impaired glucose effectiveness ([@B45]--[@B48]) via desensitization of insulin signaling per se ([@B47]). We previously reported that in the late phase of diabetes in ZDF rats, the reduction of fasting and postprandial hyperglycemia by SGLT2-I treatment improved skeletal muscle glucose uptake and hepatic glucose flux in response to normal postprandial conditions, without altering plasma insulin levels ([@B21]). Hepatic insulin sensitivity was not improved by SGLT2-I treatment. Therefore, it is unlikely that correcting hyperglycemia using SGLT-I treatment restores glucose effectiveness in the liver or improves insulin sensitivity in skeletal muscle via reduced hyperinsulinemia.

SGLT2-I Treatment Recovers Metabolic Flexibility by Eliminating Glucotoxicity in T2D {#s25}
------------------------------------------------------------------------------------

Insulin resistance and T2D are accompanied by a blunting of metabolic flexibility, the capacity of the body to switch between lipid oxidation in the fasting state to carbohydrate oxidation in the fed state (a glucose-/insulin-stimulated condition) and vice versa ([@B23]). It has been reported that impaired metabolic switching is an intrinsic property of skeletal muscle, with lowered fasting lipid oxidation ([@B49],[@B50]) and decreased glucose disposal rate related to defective glucose transport ([@B51]). This study demonstrates that the correction of diabetic hyperglycemia by SGLT2-I treatment restores normal metabolic flexibility by increasing lipid oxidation in skeletal muscle, improving insulin resistance in skeletal muscle, and restoring normal glucose effectiveness in the liver so it stores glucose as glycogen. The restored metabolic flexibility may save carbohydrate utilization in the preprandial state and accelerate carbohydrate storage as glycogen in the postprandial state. Consequently, subjects with T2D treated with an SGLT2-I do not develop a deficient level of carbohydrate storage, despite correcting hyperglycemia by shunting glucose into urine.
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###### Supplementary Data

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1410/-/DC1>.

T.P.O. and E.C.J. are co--first authors.

K.U. is currently affiliated with Sales & Marketing Division, Mitsubishi Tanabe Pharma Corporation, Osaka, Japan.

**Acknowledgments.** The authors acknowledge Dr. Alan D. Cherrington, Vanderbilt University School of Medicine, for his careful reading of the manuscript.

**Funding.** This study was supported by the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) (grant DK-60667) and in part through the use of the Cell Imaging Shared Resource (supported by National Institutes of Health grants CA68485, DK020593, DK58404, DK59637, and EY08126) and the Diabetes Research and Training Center Metabolic Physiology Shared Resource (supported by NIDDK grant DK020593). Mitsubishi Tanabe Pharma Corporation provided canagliflozin for use in this project.

**Duality of Interest.** K.U. is an employee of Mitsubishi Tanabe Pharma Corporation. No other potential conflicts of interest relevant to this article were reported.

**Author Contributions.** T.P.O., E.C.J., S.K.E., A.V.C., K.U., T.D.F., A.E.P., L.L.S., and R.L.P. performed experiments and acquired data. L.L.S. and R.L.P. edited the manuscript. M.S. designed the study, performed experiments, analyzed and interpreted data, and wrote the manuscript. All authors approved the final version of the manuscript. M.S. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.
